1. Introduction {#sec1}
===============

The occurrence of NAFLD in type 2 diabetes mellitus (T2DM) patients is reported to range from 50% to 75% \[[@B1], [@B2]\]. NAFLD not only increases the risk of T2DM, but also worsens glycemic control and contributes to the pathogenesis of major chronic complications of diabetes \[[@B3]\]. Presently, there is no consensus on treatment of NAFLD. Most interventions evaluated for the treatment of NAFLD are those commonly used for the treatment of T2DM and they exerted an indirect effect through improvement in insulin resistance (IR).

Adiponectin is a 30 KDa protein, secreted specifically and abundantly in adipose tissue, which has anti-inflammatory, antidiabetic, and antiatherogenic properties \[[@B4]\]. It was confirmed that the level of adiponectin in serum was decreased under conditions of obesity, insulin resistance, NAFLD, and T2DM \[[@B5]--[@B7]\]. Accordingly, adiponectin-deficient mice exhibited insulin resistance and diabetes \[[@B8]\]. Conversely, administration of adiponectin included transgenic overexpression of adiponectin or injected recombinant adiponectin prevented development of diabetes and hyperlipidemia \[[@B9]--[@B11]\]. Hence, it had been revealed that adiponectin played an important role in the progression of diabetes.

Biological functions of adiponectin depend on not only the serum circulating concentration of hormone but also the expression level and function of its specific receptors (including adipoR1 and adipoR2). AdipoR1 and adipoR2 are ubiquitous; adipoR1 is most preferentially expressed in skeletal muscle and adipoR2 is most preferentially expressed in liver \[[@B12]\]. Some evidences supported that deficiency of adiponectin receptors caused hyperglycemia and hyperinsulinemia \[[@B13], [@B14]\]. Knockout mice lacking adipoR1 and adipoR2 \[[@B15]\] exhibited loss of the metabolic actions and effects of adiponectin and showed an increased tendency of tissue triglyceride content, inflammation, oxidative stress, insulin resistance, and glucose intolerance. The activation of adipoR1 and adipoR2 resulted in increased hepatic and skeletal muscle fatty acid oxidation, increased skeletal muscle lactate production, reduced hepatic gluconeogenesis, increased cellular glucose uptake, and inhibition of inflammation and oxidative stress \[[@B12]\]. It indicated that adipoR1 and adipoR2 were the predominant mediators of the metabolic effects of adiponectin and they played an important role in transmitting the signal of adiponectin. Nevertheless, the changes of adiponectin receptors stimulated by various factors in adiponectin signal path were controversial. It seemed that both adpoR1 and adipoR2 were with similar patterns to transmit the signal of adiponectin. But Bjursell et al. \[[@B16]\] showed that adipoR1 and adipoR2 were clearly involved in energy metabolism but had opposing effects. The expressions of adipoR1 and adipoR2 in liver, skeletal muscle, and fat were differentially displayed in genetically modified animal models of obesity and diabetes, such as ob/ob and db/db mice \[[@B13], [@B17]\].

The globular and full length forms of adiponectin exhibit different affinities for two adiponectin receptor (AdipoR1/R2) isoforms \[[@B18]\] and have been shown to mediate distinct effects \[[@B9], [@B19]\]. The globular adiponectin had been reported to exert more potent effects \[[@B20]\]. Hence, it is suggesting that the recombination globular adiponectin may have a potential effect in the treatment of T2DM, especially combined with NAFLD.

Therefore, we aim to evaluate the effects of globular adiponectin in treatment of type 2 diabetic combined with NAFLD rats induced by high-fat/STZ and further explore the interaction between gAd and adipoR1/R2 in liver and skeletal muscle.

2. Materials and Methods {#sec2}
========================

2.1. Experimental Model {#sec2.1}
-----------------------

Twenty-one male adult wistar rats (190--210 grams) supplied by Hayes Lake experimental animals company (Shanghai, China) were acclimatized in communal cages at 25 ± 2°C with a 12 h light and 12 h dark cycle for 1 week with normal diet. Then the rats were randomly divided into three groups, NC group: normal control rats (*n* = 7), T2DM group: type 2 diabetic control rats (*n* = 7), and gAd-treatment group: type 2 diabetes rats treated with gAd (*n* = 7). At the beginning, NC group rats were fed with normal diet, while those of T2DM and gAd-treated group were fed with a high-fat diet (10% fat, 10% carbohydrate, 5% cholesterol, and 75% basis diet) provided by the Animal Experimental Center of Xiamen University.

After 4 weeks, rats of T2DM group and gAd-treated group were intraperitoneally injected with a freshly prepared solution of streptozotocin (STZ; 28 mg/kg, Sigma, St. Louis, MO, USA) in 0.1 M citrate buffer (PH 4.21) to induce type 2 diabetic model compared to those of NC group which were administered with an equal volume of 0.1 M citrate buffer. After STZ injection for 72 h, fourteen rats with random blood glucose level above 16.7 mmol/L were considered as diabetic. Then, seven type 2 diabetic rats were selected randomly into gAd-treated group and were injected intraperitoneally with gAd (BioVision, CA, USA) at a dose of 3.5 ug daily at 9 a.m. for one week, while NC and T2DM group rats received an equal volume of 0.9% saline, respectively. All rats were euthanized at the end of globular adiponectin or 0.9% saline intervention.

All experiments were approved by the Laboratory Animal Care and Use Committee of Xiamen University.

2.2. Biochemical Sampling and Analysis {#sec2.2}
--------------------------------------

Blood samples were collected from rat hearts under anesthesia after euthanizing. Plasma insulin concentrations were determined by ELISA using commercial kits (Millipore Corporation, USA). Fasting plasma glucose and triglyceride (TG) were measured using commercial assay kits (Nanjing Jiancheng Bioengineering Institute, Jiangsu, China) according to the manufacturer\'s directions.

2.3. Liver Histological Evaluation {#sec2.3}
----------------------------------

The liver tissues in formalin solution were fixed overnight in 10% buffered formalin and embedded in paraffin. The severity of hepatic histologic changes was assessed in hematoxylin-eosin (HE) stained samples and blindly scored by two pathologists who were unaware of the treatments for rats. Steatosis, inflammation, and fibrosis were semiquantitatively evaluated according to Guidelines for Managements of Nonalcoholic Fatty Liver Disease \[[@B21]\]. In NAFLD activity score (NAS), (1) steatosis was scored from 0 to 3 based on a four grades scoring system from S0 to S3, S0: no steatosis or less than 5%, S1: 5--33%, S2: 33--66%, and S3: \>66%; (2) lobular inflammation was graded as follows, stage 0: no foci, stage 1: \<2 foci per 200x field, stage 2: 2--4 foci per 200x field, and stage 3: \>4 foci per 200x field; (3) ballooning degeneration of liver cells was evaluated as follows: grade 0: absent, grade 1: few cells and grade 2: many cells. The histological NAS score was defined as the unweighted sum of the scores for steatosis (0--3), lobular inflammation (0--3), and ballooning degeneration (0--2), thus ranging from 0 to 8. Diagnostic criteria of simple steatosis, borderline NASH, and NASH were based on scores of 0--2, 3-4, and 5 or greater, respectively.

2.4. Western Blotting Analysis {#sec2.4}
------------------------------

Total protein was extracted from liver and skeletal muscle using Protein Extraction Kit (Applygen Technologies Inc., Beijing, China) according to the manufacturer\'s protocol, respectively. Total protein levels were determined by the bicinchoninic acid (BCA) method (Applygen Technologies Inc., Beijing, China). Equal amounts of protein samples were separated by 10% sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and electrotransferred to 0.45 um PVDF membranes. Blotted membranes were blocked with 5% skim milk in TBS with 0.1% Tween 20 and incubated at 4°C overnight, respectively, with one of the following primary antibodies: goat anti-rat adipoR1 polyclonal antibody (diluted to 1 : 1000 with TBS with 0.1% Tween 20; Novus Biologicals, Littleton, CO, USA) or goat anti-rat adipoR2 polyclonal antibody (diluted to 1 : 1000 with TBS with 0.1% Tween 20; Novus Biologicals, Littleton, CO, USA). After three washes in TBS with 0.1% Tween 20, the membranes were incubated with 1 : 5,000 secondary HRP-conjugated anti-goat antibody (MultiSciences Biotech Co., Hangzhou, China) at room temperature for 1 h. Membranes were exposed to the ECL system (Applygen Technologies Inc., Beijing, China) and the bands were quantified with the use of Adobe Photoshop CS5.0 software (Adobe Company, USA).

2.5. RT-qPCR Analysis {#sec2.5}
---------------------

Total RNA was extracted using Trizol reagent (Invitrogen, SanDiego, CA, USA) from liver and skeletal muscle, respectively, according to manufacturer\'s instructions. After determination of RNA concentrations by measuring the absorbance at 260 nm and 280 nm, 4 *μ*L RNA as template was reversely transcribed to cDNA by using Revert Aid First Strand cDNA Synthesis Kit (Fermentas, USA). Real-time PCR was performed on 7500 real-time PCR system (ABI Applied Biosystems) using power SYBR Green PCR master Mix. The primer sequences were listed as follows: AdipoR1, forward 5′-GCTGGCCTTTATGCTGCTCG-3′ and reverse 5′-TCTAGGCCGTAACGGAATTC-3′; AdipoR2, forward 5′-CCACAACCTTGCTTCATCTA-3′ and reverse 5′-GATACTGAGGGGTGGCAAAC-3′; *β*-actin, forward 5′-GTAGCCATCCAGGCTGTGTT-3′ and reverse 5′-AACACAGCCTGGATGGCTAC-3′. The cycling conditions were listed as follows: 10 minutes at 95°C as an initial step, 15 seconds at 95°C, and 1 minute at 60°C for 40 cycles for adipoR1/R2. A melting curve analysis was used to confirm specificity of the PCR product, which was demonstrated as a single peak (data not shown). The expression of *β*-actin served as the internal control. Every sample was analyzed in triplicate. A comparative Ct method reported preciously was used in data analysis of real-time PCR.

2.6. Statistical Analysis {#sec2.6}
-------------------------

The variability of results was expressed as mean ± standard deviation. The significance of differences was determined by one-way ANOVA. The difference between two groups was used Student\'s *t*-test. A two-tailed *P* value of \<0.05 was considered statistically significant. SPSS 13.0 for Windows (SPSS Software, Chicago, IL, USA) was used for statistical analysis.

3. Results {#sec3}
==========

3.1. Liver Pathology {#sec3.1}
--------------------

HE staining of liver specimens from T2DM group exhibited steatosis which suggested that the rat model of T2DM was combined with NAFLD. The NAFLD activity score (NAS) of T2DM group was 1.92 ± 0.51, higher than that of NC group (0.11 ± 0.33) (*P* \< 0.001). Globular adiponectin treatment made an improvement in the steatosis as compared to T2DM group (1.39 ± 0.51 versus 1.92 ± 0.51, *P* \< 0.05) ([Figure 1](#fig1){ref-type="fig"}).

3.2. Plasma Insulin Level and Glycolipid Metabolism Analysis {#sec3.2}
------------------------------------------------------------

The results of fasting plasma insulin, glucose, and TG were summarized in [Table 1](#tab1){ref-type="table"}. Compared to NC group, fasting plasma insulin level decreased significantly in T2DM group (*P* \< 0.01) and it increased in gAd-treated group compared with T2DM group (*P* \< 0.05) ([Figure 2](#fig2){ref-type="fig"}). The glucose level of T2DM group was higher than NC group (*P* \< 0.01), and it was lower in gAd-treated group compared to T2DM group (*P* \< 0.01). In addition, the T2DM group had increased level of TG compared with NC group (*P* \< 0.01). The concentration of TG in gAd-treated group was lower than T2DM group (*P* \< 0.05), which decreased to nearly normal level.

3.3. Effects of gAd on AdipoR1/R2 Protein and mRNA Expressions in Liver {#sec3.3}
-----------------------------------------------------------------------

Western blotting analysis in rat liver tissues showed that the expression of adipoR1 increased in T2DM group (*P* \< 0.05) and no change was found in gAd-treated group as compared to T2DM group. While the protein expression of adipoR2 in T2DM group decreased significantly in contrast to those of NC group (*P* \< 0.05) and increased significantly in gAd-treated group as compared to T2DM group (*P* \< 0.05). In addition, the alterations of adipoR1/R2 mRNA expressions were in accord with the alterations of the protein expressions ([Figure 3](#fig3){ref-type="fig"}).

3.4. Effects of gAd on AdipoR1/R2 Protein and mRNA Expressions in Skeletal Muscle {#sec3.4}
---------------------------------------------------------------------------------

Western blotting results in skeletal muscle showed that the protein expression of adipoR1 in T2DM group was higher than NC group (*P* \< 0.01). Treatment with globular adiponectin significantly downregulated the expressions of adipoR1 protein as compared to the T2DM group rats (*P* \< 0.05). The protein expression of adipoR2 also increased in T2DM group compared with NC group (*P* \< 0.001) and decreased in gAd-treated group as compared to T2DM group (*P* \< 0.001). The alterations of adipoR1/R2 mRNA expressions were in accordance with the alterations of the protein expressions in skeletal muscle ([Figure 4](#fig4){ref-type="fig"}).

4. Discussion {#sec4}
=============

In our study, high-fat diet and low-dose STZ were used to induce the T2DM rat model. It was close to mimicing the natural history and the metabolic characteristics of type 2 diabetes in humans \[[@B22]\]. The rats exhibited hyperglycemia, together with insulin resistance and deficiency which were in accord with the characteristic of T2DM. In addition, progression of hypoinsulinemia can be detected in severe type 2 diabetic patients clinically at the later stage \[[@B23]\]. The occurrence of NAFLD in T2DM patients is reported to range from 50% to 75% \[[@B1], [@B2]\]. In our study, we found that the NAS of T2DM group was 1.92 ± 0.51, which was diagnosed as simple steatosis (0--2). Therefore, we induced the T2DM rat model characterized with hypoinsulinemia and hyperglycemia, which mimics T2DM at a later stage closely and is combined with NAFLD characterized with simple steatosis.

Adiponectin is secreted specifically and abundantly in adipose tissue and has anti-inflammatory, antidiabetic, and antiatherogenic properties \[[@B4]\]. It exists as full-length or globular fragment, named full-length adiponectin or globular adiponectin, respectively \[[@B9]\]. The globular adiponectin which had been reported exerted more potent effects \[[@B20]\]. As we know, the specific therapy for T2DM combined with NAFLD was so far lacking. In our study, the recombination globular adiponectin was used for the treatment which had been reported to play an important role in T2DM and NAFLD. It showed that treatment with globular adiponectin reduced hyperglycemia and hypertriglyceridemia of the rats induced by HFD/STZ. Globular adiponectin also stimulated insulin secretion in our experiment. The analysis of liver pathology indicated that globular adiponectin alleviated the steatosis even though it was injected for only one week. The NAS of gAd-treated group decreased significantly as compared to T2DM group (1.39 ± 0.51 versus 1.92 ± 0.51, *P* \< 0.05). It indicated that gAd had potential effects on the treatment of T2DM combined with NAFLD.

Liver and skeletal muscles are two vital organs maintaining energy homeostasis with respective mechanism. Skeletal muscle has a fundamentally important role in the maintenance of normal glycolipid homeostasis and in regulating whole-body glycolipid metabolism \[[@B24], [@B25]\]. Hepatic steatosis may also be associated with the changes of glycolipid metabolism in skeletal muscle.

An evidence supported that globular adiponectin had a higher binding affinity to the membrane fractions of skeletal muscles than full-length adiponectin and had more effects on downstream signaling pathways, whereas only full-length adiponectin did so in the liver \[[@B26]\]. Kadowaki and Yamauchi \[[@B12]\] reported that in skeletal muscle, both globular and full-length adiponectin activated AMPK and then stimulated phosphorylation of ACC, fatty-acid oxidation, and glucose uptake. They also activated PPAR-*α*, thereby stimulating fatty-acid oxidation and decreasing TG content. In the liver, only full-length adiponectin activated AMPK and reduced PEPCK (phosphoenolpyruvate carboxykinase) or G6Pase (glucose-6-phosphatase G6Pase) involved in gluconeogenesis and increased fatty-acid oxidation and decreased tissue TG content just as in skeletal muscle \[[@B12]\]. Our results exhibited that treatment with globular adiponectin reduced hyperglycemia and hypertriglyceridemia induced by HFD/STZ and alleviated the hepatic steatosis. Therefore globular adiponectin may alleviate the hepatic steatosis by improving glycolipid metabolism in skeletal muscle.

The biological functions of adiponectin depend not only on the serum circulating concentration but also on the expression levels and functions of its specific receptors (adipoR1/R2). Some evidences indicated that adipoR1 and adipoR2 were the predominant mediators of the metabolic effects of adiponectin and played an important role in transmitting the signal of adiponectin \[[@B26], [@B27]\]. AdipoR1 is a high-affinity receptor for globular adiponectin and a low-affinity receptor for full-length adiponectin, while adipoR2 is an intermediate-affinity receptor for full-length and globular adiponectin \[[@B18]\]. But the interaction between adiponectin and adipoR1/R2 still remained controversial. Some evidences supported that adpoR1/R2 were with a similar pattern to transmit the signal of adiponectin \[[@B13], [@B17]\], while Bjursell et al. \[[@B16]\] observed that adipoR1 and adipoR2 were clearly involved in energy metabolism but had opposing effects. We detected the alterations of adipoR1/R2 in liver and skeletal muscle after globular adiponectin intervention. The results showed that the protein and mRNA expressions of adipoR2 in liver decreased in T2DM group which were in accordance with the report of Beylot et al. \[[@B28]\] and adipoR2 was upregulated after gAd treatment. We also found that the protein and mRNA expressions of adipoR1 were increased in T2DM group and no change was found after gAd treatment as compared to T2DM group. It was postulated that adipoR2 expression decreased in liver and there might be a complementary mechanism which caused the overexpression of adipoR1 in T2DM group. But the fact that the expression of adipoR1 did not change in liver after treatment with gAd might be due to the fact that the dominating tissue which globular adiponectin affected was muscle tissue. Yamauchi et al. \[[@B18]\] found that adipoR1 or adipoR2 enhanced both globular and full-length adiponectin binding, which were associated with increase in PPAR-*α* ligand activity and fatty-acid oxidation. In skeletal muscle, we found that the alterations of adipoR1/R2 differed from the alterations in liver. Both the protein and mRNA expressions of adipoR1 or adipoR2 in T2DM group were higher than NC group and downregulated significantly after globular adiponectin treatment in skeletal muscle. The protein and mRNA expressions of adipoR1/R2 were downregulated after globular adiponectin treatment in skeletal muscle suggesting that it might have a complementary mechanism between liver and skeletal muscle. Some other evidences also supported our results. Inukai et al. \[[@B17]\] reported that adipoR1 mRNA increased in STZ induced diabetic mice, whereas it was reversed by administration of insulin (values for muscle adipoR2 mRNA were not reported). In the vitro experiments of murine C2C12 myotubes cells, Staiger et al. found a trend toward lower adipoR1 mRNA levels with higher insulin concentrations. Staiger et al. \[[@B29]\] also observed that insulin deficiency induced by STZ increased and insulin replenishment reduced the expression of adipoR1/R2 in vivo. Moreover, they found the expressions of adipoR1/R2 in ob/ob mice were significantly decreased in skeletal muscle, which exhibited hyperglycemia and hyperinsulinemia, as compared to control mice \[[@B13]\]. These observations suggested that insulin may negatively regulate the protein and mRNA expressions of adipoR1/R2 in skeletal muscle. In our study, plasma insulin concentration was enhanced after globular adiponectin treatment which was associated with the decreased expressions of adipoR1/R2 in gAd-treated group as compared to T2DM group, suggesting that globular adiponectin may affect the expressions of adipoR1/R2 in skeletal muscle by stimulating insulin secretion.

In conclusion, globular adiponectin varied the expressions of adiponectin receptors in liver and skeletal muscle. the fact that it decreased the expressions of adipoR1/R2 in skeletal muscle might be due to the stimulation of insulin secretion. Globular adiponectin may ameliorate the hepatic steatosis by stimulating insulin secretion and improving glycolipid metabolism in skeletal muscle. Globular adiponectin might be considered as a potential therapy for T2DM combined with NAFLD.
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![HE staining of liver specimens. (a) HE staining of liver specimens for NC group (A), T2DM group (B), and gAd-treated group (C) (×200). (b) NAFLD activity scores of liver specimens of three groups. \**P* \< 0.05, \*\*\**P* \< 0.001 as compared to T2DM group.](TSWJ2014-230835.001){#fig1}

![Comparison of plasma insulin levels of all groups.\*\**P* \< 0.01 compared with NC group, ^\#^ *P* \< 0.05 compared with T2DM group.](TSWJ2014-230835.002){#fig2}

![(a) Relative adipoR1 protein expression in liver was determined through western blotting using GAPDH as a reference protein. (b) Relative adipoR1 mRNA expression in rat liver. (c) Relative adipoR2 protein expression in liver was determined through western blotting using GAPDH as a reference protein. (d) Relative adipoR2 mRNA expression in rat liver. \**P* \< 0.05, \*\*\**P* \< 0.001 as compared to T2DM group.](TSWJ2014-230835.003){#fig3}

![(a) Relative adipoR1 protein expression in skeletal muscle was determined through western blotting using GAPDH as a reference protein. (b) Relative adipoR1 mRNA expression in rat skeletal muscle. (c) Relative adipoR2 protein expression in skeletal muscle was determined through western blotting using GAPDH as a reference protein. (d) Relative adipoR2 mRNA expression in rat skeletal muscle. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 as compared to T2DM group.](TSWJ2014-230835.004){#fig4}

###### 

The fasting plasma insulin, glucose, and TG levels of rats ($\overset{-}{x} \pm s$).

  ---------------------------------------------------------------------
                     NC group\    T2DM group\      gAd-treated group\
                     (*n* = 7)    (*n* = 7)        (*n* = 7)
  ------------------ ------------ ---------------- --------------------
  Insulin (mIU/L)    26.2 ± 9.5   12.8 ± 1.8\*\*   18.0 ± 3.2^\#^

  Glucose (mmol/L)   7.1 ± 0.8    24.8 ± 1.3\*\*   20.9 ± 1.9^\#\#^

  TG (mmol/L)        1.3 ± 0.1    1.8 ± 0.2\*\*    1.4 ± 0.2^\#^
  ---------------------------------------------------------------------

\*\**P* \< 0.01 compared with NC group, ^\#^ *P* \< 0.05, ^\#\#^ *P* \< 0.01 compared with T2DM group.
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